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[57] ABSTRACT

A digttal circuit employing a programmable read only
memory (PROM) provides direct digital driving of
semiconductor devices comprising a bridge circuit of an
inverter to develop a predetermined AC output wave-
form. The combination of the programmable read only
memory and an up-down counter provides the capabil-
ity of stopping the output waveform at predetermined
points as well as reversing the phase direction of the AC
output waveform to thereby permit greater control of

an electrical system driven by the AC output wave-
form.

4 Claims, 11 Drawing Figures
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DIRECT DIGITAL TECHNIQUE FOR
GENERATING AN AC WAVEFORM

BACKGROUND OF THE INVENTION

Typically, in applications requiring conversion of DC
voltage to an AC or sine wave voltage waveform, an
AC or sine wave reference signal is compared with a
higher frequency sawtooth waveform to create a pulse
width signal proportional to the reference waveform.
The pulse width signal thus developed drives a power
switching stage which converts DC voltage to the re-
quired AC, or sine wave voltage waveform.

There 1s disclosed herein with reference to the ac-
companying drawings a technique whereby the require-

ment for developing a reference AC waveform is elimi-
nated.

SUMMARY OF THE INVENTION

In a disclosed embodiment, a low frequency, three
phase AC output waveform is developed to drive the
rod control mechanism of a nuclear reactor facility.
Direct digital techniques are employed to develop a
pulse width modulated drive signal which is applied

directly to the power switching devices of a power
stage to produce the desired AC output waveform. The

disclosed embodiment utilizes digital integrated circuits
including a clock oscillator circuit to drive an up-down
counter circuit. A programmable read only memory
responds to the up-down counter circuit by developing
a digital output signal proportional to the required pulse
width modulation drive signal for the power stage. The
use of a conventional programmable read only memory
and well known techniques for programming such cir-
cuits, permits the generation of a three-phase pulse
width modulated output for driving the power stages to
develop a desired three-phase AC output voltage wave-
form suitable for driving an electrical circuit such as
that represented by the control rod drive mechanism of
a nuclear reactor facility.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention becomes more readily apparent from
the following exemplary description in connection with
the accompanying drawings:

FIG. 1 1s a block diagram schematic illustration of a
typical embodiment of the invention;

FIG. 2 is a detail schematic illustration of the embodi-
ment of FIG. 1;

FIGS. 3A, 3B, 3C and 3D are waveform illustrations
of the three-phase AC output signal developed by the
embodiment of FIG. 2 in response to the digital pulse
width modulation signal developed in accordance with
the teachings of the invention;

FIGS. 4A and 4B are a logic level tabulation indica-
tive of a programmable read only memory of FIG. 2;
and

FIGS. S5A and 5B are graphical illustrations of the
conduction control of power switching devices of FIG.
2 by the outputs of the programmable read only mem-

- ory.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1 there is illustrated in block dia-
gram form, a typical embodiment of the invention
wherein an up-down counter 10 is incremented by
pulses from the clock oscillator circuit C in a direction
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2

determined by an input signal to the up-down counter
10 from the count direction circuit 20. The up-down
counter 10 responds to the pulses from clock oscillator
circuit C by developing an 8 bit output which is sup-
plied to programmable read only memories 30 and 32.
The programmable read only memories 30 and 32 are
typically implemented through the use of commercial
available circuits, such as the Signetics Model 82S29.
The programmable read only memory typically pro-
vides four outputs and inasmuch as the on-off, direct
digital technique disclosed herein requires only two
programmable read only memory outputs per each of
the three phases, programmable read only memory 30
responds to the output of the up-down counter 10 by
providing a first pair of outputs to the logic circuit 40
associated with the power switching circuit 50 of phase
A and a second pair of outputs to logic circuit 60 associ-
ated with the power switching circuit 70 of phase B.
Programmable read only memory 32 responds to the
output of the up-down counter 10 by developing the
necessary pair of outputs for the logic circuit 80 associ-
ated with the power switching circuit 90 of phase C.
The three-phase AC output waveform developed at the
power switching circuits 50, 70 and 90 is illustrated in
FI1G. 3A while FIGS. 3B, 3C and 3D illustrate the pulse
width modulated drive signals supplied to power
switching circuits 50, 70 and 90 respectively in response
to the combined operation of the up-down counter 10
and the programmable read only memories 30 and 32.
For the purpose of discussion it will be assumed that the
AC output waveforms developed by the power switch-
ing circuits 50, 70 and 90 are sine waves.

The concept embodied in FIG. 1 for providing a
direct digital development of the AC output waveform
of FIG. 3A without the use of a sine wave reference
waveform is essentially insensitive to noise and voltage
variations since the signal driving the power switching
circuits 50, 70 and 90 is digital and no sine wave refer-
ence signal is employed. Significant flexibility is pro-
vided inasmuch as the degree of sine wave simulation
achieved at the output of the power switching circuits
50, 70 and 90 can be changed by reprogramming the
programmable read only memories 30 and 32 while
changes in the frequency of the AC output waveform
can be varied by adjusting the frequency of the output
pulses from the clock oscillator circuit C.

A typical programming scheme of the programmable
read only memory 30 to achieve the desired output
waveform of phases A and B is illustrated in the tabula-
tion of FIG. 4. The logic levels for phase A correspond
to Q, and Q, while the logic levels for phase B corre-
spond to Q;and Q,. Each pulse from the clock oscillator
circuit C either increases or decreases the word location
by one depending on the direction of rotation requested
by switch S.

A similar programming scheme can be developed for
programmable read only memory 32 to develop the
logic levels for phase C.

A typical implementation of the invention illustrated
in FIG. 1 for use in controlling the rod position of a
nuclear reactor is illustrated schematically in FIG. 2. A
rod drive selector switch S at position 1 activates opera-
tion of the AC voltage waveform system 100 to affect
OUT movement of the control rods by the rod drive
mechanism R of the nuclear reactor N. Setting the
switch S at position 2 will produce an AC output wave-
form affecting an IN movement of the control rods by
the rod drive mechanism R. The position of the rod
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drive selector switch S determines the direction of
count of the up-down counter 10 and the output of the
programmable read only memories 30 and 32. The out-
put of the programmable read only memories 30 and 32
in turn determines the conduction sequence of the
power switching circuits 50, 70 and 90 effected by logic
circuits 40, 60 and 80 respectively.

Inasmuch as the structure and function of the logic
circuits 40, 60 and 80 and the power switching circuit of
each of the three phases is identical, the discussion of
FIG. 2 will be limited to phase ‘A for the purpose of
clarity.

The count direction signal corresponding to the sig-
nal developed by the rod drive control switch S, i1s
supplied through NOR gate 2 as an input to NAND
gate 4. A second input to NAND gate 4 corresponds to
the output from NOR gate 6 which has as its input,
signals from the logic circuits 40, 60 and 80 respec-
tively. These input signals are derived from the logic
circuits as shown in the schematic illustration of the
logic circuit 40 and correspond to a stop-count value
indicative of a point on the AC output waveform from
the power switching circuit 60 where a constant DC
level is to be maintained indicative of no movement of
the control rods.

When the signal from switch S is removed an output
continues to be present from NAND gate 4 until one of
the inputs to NOR gate 6 forces its output to go to a
high level at which time the output of NOR gate 4 will
go low and rod motion will stop. The three inputs to
NOR gate 6 correspond to three preselected count
levels representing stopping points on the output wave-
forms. The output of NAND gate 4 is supplied as one
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input to the NAND gate 8. A second input to NAND

gate 8 corresponds to the output pulses from the clock
oscillator circuit C which in turn are gated through
NAND gate 8 to the up-down counter stages 12 and 14
comprising the up-down counter 10. NOR gates 2 and 6
can be implemented through the use of RCA circuit
CD4000A, while the NAND gates 4 and 8 can be imple-
mented through the use of RCA circuit CD4011A. The
up-down counter stages 12 and 14 selected for the pur-
poses of illustrating the embodiment of the inventions
consist of RCA counter circuits CD4029A.

Either an IN or an OUT signal from the rod drive
control switch S activates up-down counter stage 14 via
NAND gate 8 causing the up-down counter 14 to be
incremented in response to the clock pulses from the
clock oscillator circuit C. The occurrence of an IN
signal results in the up-down counter stage 14 being
incremented in a first direction while the presence of an
OUT signal causes the clock pulses to increment the
up-down counter stage in the opposite direction. The
change in direction of the counting sequence of the
up-down counter stages 12 and 14 in response to an
OUT signal is controlled by the rod control drive
switch S.

The 1PO (initial power on) signal is an interlock sig-
nal which permits the system voltage levels to stabilize
and logic signals to assume the required states prior to
operation of the system 100.

The up-down counter stages 12 and 14 have been
typically chosen to be four stage binary counters such
that every 16 count output from up-down stage 12 initi-
ates a count in the up-down counter stage 14 such that
the total count capacity of the combination of up-down
counter stages 12 and 14 is an eight stage output of a
count capacity of 256. The four stage outputs of up-
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down counter stage 12 and the four stage outputs of
up-down counter stage 14 are transmitted through
buffer converter circuits 22 and 24 respectively to form
inputs to both the programmable read only memory 30
and the programmable read only memory 32. The n-
corporation of the buffer counter circuits 22 and 24,
which may be typically nnplemented through the use of
RCA circuit CD4050A, is optional. The function of the
buffer converter circuits 22 and 24 is that of a “trans-
former” to make the output voltage levels of the up-
down counter stages 12 and 14 compatible with the
input voltage characteristics of the programmable read
only memories 30 and 32 in the event the circuits em-
nloyed are not directly compatible. In the embodiment
illustrated, the programmable read only memory circuit
selected for the purposes of illustration is a commer-
cially available Signetics Model 82529. The selection of
commercially available components disclosed thus far,
require the buffer converter circuits 22 and 24 to step
down the 15 volt levels from the up-down counter
stages 12 and 14 to a 5 volt level compatible with the
selected programmable read only memories 30 and 32.
Conversely, the buffer converter circuits 26 and 28
couplmg the outputs of the programmable read only
memories 30 and 32 to the logic circuits 40, 60 and 80
respectively function to step up the 5 volt output levels
from the selected programmable read only memories 30
and 32 to a 15 volt logic level compatible with the logic
circuits. The supply voltage for the various logic cir-
cuits and components is provided by the voltage supply
source Vgg.

As indicated above, each logic circutt is driven by
two outputs from a programmable read only memory
corresponding to ON and OFF logic levels, to produce
the desired AC output waveform. Thus, the logic level
output signals Q; and Q, of programmable read only
memory 30 are transmitted through the buffer con-
verter circuit 28 and supplied as the logic control inputs
to the logic circuit 40 of phase A while the logic level
outputs Q; and Q, of the programmable read only mem-
ory 30 are supplied via the buffer converter circuit 28 as
the logic control inputs to the logic circuit 60 of phase
B. The logic output levels Qsand Qg of the programma-
ble read only memory 32 are supplied as the logic con-
trol input signals to the logic circuit 80 of phase C. As
noted above, inasmuch as the circuitry and operation of
the logic circuits and power switching circuits of each
of the phases is identical, the following discussion will
be limited to the detail operation of the logic circuit 40
and the power switching circuit 50 of phase A as con-
trolled by the logic level outputs Q; and Q, of the pro-
grammable read only memory 30. It is apparent, that if
a commercially available programmable read only
memory was selected which provided six outputs, the
function of the programmable read only memories 30
and 32 could be satisfied by a single programmable read
only memory providing the necessary three pairs of
logic level outputs required to control the operation of
the logic circuits and power switching circuits of each
of the three phases A, B, and C were developed in
accordance with the teachings of this invention.

The logic circuit 40 functions to respond to the pair
of logic control signals Q, and Q, by developing four
logic level outputs for activating conventional gate
drive circuit 52 to control the ON/OFF conduction of
the power switching devices CR,, CR,, CR;, and CR,
comprising a bridge circuit 54 of the power sw1tch1ng
circuit 50.
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The sequence and duration of the conduction of the
power switching devices CR,, CR,, CR;and CR,devel-
oped by the gate drive circuits 52 is determined by the
program of the programmable read only memory 30.

The programmable read only memory 30 is pro-
grammed 1n accordance with well-known techniques to
respond to the output logic levels of the up-down
counter 10 to develop output logic levels corresponding
to signals Q, and Q,to effect a digital pulse width modu-
lated signal via logic circuit 40 to develop an AC output
waveform from the power switching circuit 50 in ac-
cordance with the waveforms of FIGS. 3A and 3B.

FIGS. 3C and 3D illustrate typical ON-OFF conduc-
tion patterns of the power switching devices of circuits

10

6

logic network 401 is depicted in the following truth
table.

LOGIC OUTPUT LEVELS

Q, Q, Gate 420 Gate 412 Gate 422
1 0 1 0 B 0

1 1 | 1 e 0

0 ] 0 0 1

0 0 0 0 1

The following truth table illustrates the response of
the logic circuit 40 to input signals to develop output
signals for controlling the conduction of the power
switching devices of the power switching stage 54.

INPUT SIGNALS OUTPUT SIGNALS
Clock PROM 30 Switch S Inverters
C Q, Q, Out In IPO 460 462 464 466
1 1 0 1 0 0 1 0 0 0
1 1 0 0 1 0 | 0 0 0
0°-180° 1 ] 1 1 0 0 ] 0 1 0
1 1 1 0 1 0 | 0 1 0
1 0 1 | 0 0 0 ] 0 0
] 0 1 0 1 0 0 ] 0 0
1 0 0 1 0 0 0 ] 0 0
1 0 0 0 1 0 0 I 0 0
1 1 0 1 0 0 0 0 0 1
1 1 0 0 1 0 0 0 0 1
180°-360° 1 1 1 1 0 0 0 1 0 |
1 1 1 0 1 0 0 1 0 1
1 0 | 1 0 0 0 0 1 0
1 0 1 0 ] 0 0 0 | 0
1 0 0 1 0 0 0 0 1 0
1 0 0 0 1 0 0 0 | 0

Note:

1) Anytime the output of clock oscillator circuit C is 0, all outputs are 0.
2) Anytime the IPO signal is 1, the initial operating condition of the system 100 is set.

70 and 90 to develop the sine wave outputs for phases B
and ' C. An alternate conduction pattern is illustrated in
F1G. 3E. This pattern maintains a voltage connection
with either the positive or negative AC bus voltage.

The sine wave output of phase A is developed in
accordance with the following operation of the power
switching circuit 50 consistent with the programming
scheme of FIG. 4: -

Logic Levels

Power Switching Circuit Conduction

Q, Q, - 0° to 180° 180° to 360°

0 0 CR3 CR4

1 1 CR1 and CR4 CR2 and CR3
| 0 ‘CR1 CR2

0 -1 CR3 . CR4

The conditions 0, 0 of Q, and Q, also indicates the
conditions where the logic is shifted from the positive
voltage (0°-180°) to the negative voltage (180°-360°).
This- provides efficient use of the programmable read
only memory since the same 256 words are used for
both the positive and negative portions of the sine wave
output.

The operational relationship between the outputs Q,
and Q, of the programmable read only memory 30 and
the power switching devices of the power switching
circuit 50 is illustrated in FIG. 5.

The signals Q; and Q, of the programmable read only
memory 30 are supplied- to a logic network 401 consist-
ing of inverters 402 and 403, and gates 410, 412, 414 and
416, and OR gates 420 and 422. The inverters 402 and
403 can be typically implemented through the use of
RCA circuit CD4009A, the AND gates through the use
of RCA circuit. CD4011A and the OR gates through the
use of RCA circuit CD4071B. The operation of the
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The above truth table defining the operation of logic
circuit 40 is developed in accordance with the follow-
ing logic requirements: |

(1) Flip-flop circuit 470 determines whether logic
circuit 40 is operating in the 0°~180° or 180°-360°
portion of the sine wave output. A change is a
function of switch S. A change occurs when Q,and
Q, are both 0.

(2) In the 0°-180° portion of the sine wave power
switching device CR1 is turned on but prior to
each commutation off by the power switching
device CR3, the power switching device CR4 must
be turned on to charge the commutating circuit.

(3) In the 180°-360° portion of the sine wave power
switching device CR2 is turned on, but prior to
each commutation off by power switching device
CR4, the power switching device CR3 must be
turned on to charge the commutating circuit.

When the signals Q, and Q, are both logic 1, the out-
put logic level of AND gate 412 supplied to OR gate
420 will produce an output logic level to AND gate 430
to gate clock oscillator pulses through NAND gate 450
which in turn actuates gate drive circuit 52A providing
a logic 1 level is transmitted from fip-flop circuit 470 as
an enabling input to AND gate 430.

The flip-flop circuit 470 serves to reverse the polarity
of the simulated sine wave. For the positive portion
(0°~180° of phase A) output Q is at the 1 level enabling
AND gates 430, 431 and 433. For the negative portion
(180°-360° of phase A) output Q is at the 1 level en-
abling AND gates 432, 434 and 435. The flip-flop circuit
470 triggered any time the output of AND gate 414
goes from 1 to 0 with switch S at position 1 and a logic
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1 supplied through NAND gate 474. The flip-flop 470
is triggered any time the output of AND gate 414 goes

from 0 to 1 with switch S at position 2 and a logic 1
supplied through NAND gate 472. While the embodi-

ment of FIG. 2 utilizes clock oscillator pulses from
clock oscillator circuit C to develop an ON/OFF
“picket drive” for the gate drive circuit 52, a continuous
gate drive could be substituted for the clock pulse signal
~as an input to the NAND gates 450, 452, 454 and 456.
When Q, and Q, are respectively 1, 1 or 1, 0 the gate
drive circuit S2A responds to the output of NAND gate
450 which is supplied through inverter 460, by gating
the power switching device CR1 to a state of conduc-
tion. At the instant Q; and Q, are 1, then the power
switching device CR4 in the opposite leg of the bridge
circuit 54 also recetves a signal via AND 433, OR gate
437, NAND gate 454, inverter 464 and gate drive cir-
cuit 52C to charge the commutating circuit consisting
of inductor L and capacitor C1.

'The logic condition where the logic control signals
Q, and Q, are both logic zeros, corresponds to the zero
crossing point of the AC output waveform from the
power switching circuit 50 and is employed to both
reverse the power switching pattern of the bridge cir-
cuit 54 as well as identify an allowable stop point on the
AC output waveform.

When the logic control signals Q, and Q, correspond
to logic levels O, 1 or 0, 0, the logic network 401 devel-
ops logic level outputs causing power switching device
CR3 to be conductive and power switching device CR1
to become nonconductive. The combination of logic
levels for signals Q,and Q,of 1, 0 or 1, 1 develops logic
level outputs from the logic network 401 causing the
power switching device CR1 to become conductive.

The NAND gates 472, 474 and 476 connected to the
input of flip-flop circuit 470 respond to logic levels of 0,
0 for signals Q, and Q, by causing the flip-flop 470 to
change state 1n response to a polarity change in the AC

10
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35

output waveform thereby causing the control rectifier 4¢

CR4 to become conductive in the negative portion of
the AC waveform in place of power switching device

CR1 and the functions of CR3 and CR4 are reversed.
Remembering that a logic 1 level fires the gate drive

circuit and the associated power switching device, logic 45

components 430 through 437 and 450, 452, 454, 456,
460, 462, 464, 466 of FIG. 2 can best be summarized by
the TRUTH table given below. |

INPUT OUTPUT

412 420 422 470 460 462 464 466

: Fires Fires  Fires Fires

Q Q CR1 CR3 CR4 CR2
1 0 0 1 0 0 1 0 0
1 0 0 0 1 0 0 1 0
0 | 0 1 0 1 0 0 0
0 1 0 0 1 0 0 0 1
1 1 0 1 0 1 0 1 0
1 1 0 0 1 0 1 0 1
0 0 1 1 0 0 1 0 0
0 0 1 0 1 0 0 1 0

What is claimed is:

1. Apparatus for direct digital conversion of DC
voltage to an AC output waveform without the use of
an AC reference waveform, comprising,

pulse generator means for producing clock pulses,

counter means connected to said pulse generator

means and being incremented by said clock pulses
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and producing a digital output indicative of the

count value produced by said clock pulses,

a programmable read only memory means responsive
to said digital output of said counter means to de-
velop a pair of logic control signals corresponding

to combinations of logic ONES and ZEROS in a
pattern sequence indicative of a preprogrammed
AC waveform, said programmable read only mem-
ory means including a predetermined number of
stored words, each incremental change in the
count value of said counter means producing a
digital output from said counter means which ad-
dresses a different stored word, each stored word
producing a predetermined pair of logic control
signals, and

logic circuit means operatively coupling said pro-

grammable read only memory means to a DC volt-
age power stage consisting of a plurality of power
switching devices,
said logic circuit means responding to said logic con-
trol signals by controlling the conduction of said
power switching devices to produce a pulse width
modulated output from said DC voltage power
stage corresponding to said preprogrammed AC
waveform.
2. Apparatus as claimed in claim 1 wherein the same
predetermined number of stored words 1s employed to
develop the pattern sequence for both the positive and
negative half cycles of said pre-programmed AC wave-
form and further including a polarity control means
operatively connected to said logic circuit means to
initiate a change in the polarity of the pulse width mod-
ulated output in response to a predetermined pair of
logic control signals.
3. Apparatus for direct digital conversion of DC
voltage to a three phase AC output without the use of
an AC reference waveform, comprising,
pulse generator means for producing clock pulses,
up-down counter means connected to said pulse gen-
erator means and being incremented by said clock
pulses and producing a digital output indicative of
the count value produced by said clock pulses,

selector means operatively connected to said up-
down counter means to establish said up-down
counter means in either an up count mode or a
down count mode, |

programmable read only means responsive to said

digital output of said up-down counter means to
develop a first, second and third pair of logic con-
trol signals, each pair corresponding to combina-
tions of logic ONES and ZEROS in a pattern se-
quence indicative of a pre-program AC waveform
corresponding to the first, second and third phase
AC waveforms respectively of a desired three-
phase AC output, and

- logic circuit means operatively coupling said pro-
grammable read only memory means to first, sec-
ond and third DC voltage power stages, each con-
sisting of a plurality of power switching devices,
said logic circuit means responding to said first pair
of logic control signals by controlling the conduc-
tion of the power switching devices of said first
DC voltage power stage to produce a pulse width
modulated output corresponding to the pre-pro-
grammed AC waveform of said first phase, said
logic circuit means responding to said second pair
of logic control signals by controlling the conduc-
tion of the power switching devices of said second
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DC voltage power stage to produce a pulse width
modulated output corresponding to the pre-pro-
grammed AC waveform of said second phase, said
logic circuit means responding to said third pair of
logic control signals by controlling the conduction
of the power switching devices of said third DC
voltage power stage to produce a pulse width mod-
ulated output corresponding to the pre-pro-
grammed AC waveform of said third phase, and a
bidirectional electrical drive means being driven by
the three phase AC output developed by said first,
second and third DC voltage power stages, said
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bidirectional electrical drive means being driven in
a first direction in response to an up count mode of
operation established by said selector means and
being driven in the opposite direction in response
to a down count mode of operation.

4. Apparatus as claimed in claim 3 wherein said logic
circuit means includes means for responding to prede-
termined pairs of logic control signals by developing a
constant DC output voltage from said DC voltage

power stages to selectively stop the movement of the

bidirectional electrical drive means.
. % i % %
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